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- . substantial changes in temperatures even at interior

- . ATEMPERATURE CONTROL OF UNMANNED.SPACECRAFT
. ' by )
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from the earth’s surface in the form of emitted
radiation and reflected sualight. If a spacecraft
“probes towzrd the pianets, the solar inlensif wibl
'vary as the inverse square of distance. And {inally,
" the satellite does not carry with it its own atmos-
phere to reduce heat loss to space and to provide
protection fram energetic particles, ultraviolet ra-
diation, micrometeoroiies, or other effects of the
space environment which are harmful to materials.
The techaclogy for temperature control o Cad
spacacraft was primitive. Analytical tcols were un-
_developed and little was known about the magni-
T tude of space effects or what would happen to sur-
T face materials used for temperalure control. Test
‘equipment for simulating the solar-space environ-
ment to verify a thermal design was virtually non-
exisienl. Forwunately, our knowledge of radiation
rom the sun and the earth and our instrumentation
for delermiring the absorptivity and emissivity of
materials ware sufiiciently accurate for thermal de-
sign requirements at that time.
Vanguams 1 and 2, for example, were p"ye ical
‘sheils surrounding a smail interna! canister which
: housed the electronics. While a temperature gradi-
© ent could exist on the surface of the spherical shell
ffor about the same reason that tempsralure varies
e with latitude over the earth’s surface), it was ox-
pected that the inner package, isolated from the
- shell, would attain a temperature close 1o the
o mean temperature of the shell, This mean tempera-
ture would depend on the average energy abserbed
. from the sun and earth during each orhit. And this
energy would change only as the position of the
orbit rejative 10 the sun and earth varied siowly day
by day. Bacause of the spherical shape, the ab-
sorbed energy would not change with the orienta-
A ;non of the ¢pin axis,

Temperamre control of sp‘.cecraft depends on well-
-known principies of heat transfer, and it might
appear that space vehicle thermal design should be

a completely siraightforward process. But the vari- -
‘ely and complexity of spacecraft, the difficulties in :
accurate experimental verification, and uncertainties Tonh
.in energy transfer between surfaces—all these aiong ‘
‘with the effects of the space environment on sur-
face properties—call for imaginative design judg-
ment and advances in many suppomrg technol-
ogies.

The first generation of American earth satellites
were small, highly symmetrical in shape, simple in
design, and planned for missions of short duration.
“Temperature contro! was based primarily on the use :
of surface coatings and finishes that would provide -
the required balance between energy received ‘
{mainly from sunlight) and energy reradiated to
space in about the same way that the earth’s tem-
-perature is maintained,

v+ The feasibility of\Spacecraft temgerature cantral.
" could be seen in the fact that the surface tempera-
tures of an old satellite of the sun—the earth—-
remain within the fairly narrow range of about ~40
10 40 C, with the mean close to 14 C. The earth
absorbs an average.of nearly two-thirds of the in-
cident sunhﬂht a'xd radiates the same amount of
energy.” Although- the earth's atmosphere reduces
the rate at which heat is retumed to space, the
earth’s swriace und its atmosphere, together, arein -~
thermal equilibrium with the sun's radiation.

The heat zzlance is somewhat different for an

artificial satoilite, of course. The earth is nearly .
~spherical and spins on an axis which is 23%/2 deg |
from being perm,nd:cular to the orbital plane; i

moreover, the energy from the warm interior of the 8 0 5
- earth does nat contribute significantly to the tem- N 66 8 1
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perature of ‘ts surface; An artificial satellite may or~
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may not be spherical and it may or may not spin.
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1f it does spia, the orientation of the spin axis may
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. not be fixed relative to the edliptic plane. The tem- .
peratute of -ts surfaces may be s:gmﬁcant!y affected
by internal heating. And a satellite in owbit about - ik SR TR OR KD NUMBER ey
the earth may be totally eclipsed for periods long -

" enough, ‘and with' sufficient frequency, to cause’
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) : : . ’ e ) o The sun has an ntensity of 130 wals ;*ue: 5\1"1*
o The aarly Exclorers, on the other hand, were {perpeadicular to the direction of propagation) at

cyiind ard it was anticipated that the absorbed: the earth’s mcan distance from the sun. -‘A pproxi-

energy v-uld vary with both the attitude of the mately 98 percent of this intensity lies in the wave-

L .spin &« ."’i position of the orbital plane. The length region beiween 0.3 and 4.0 microns.

I A possib - rariations of temperature could have ap- The radiation from the earth is generally typical
I ‘proach . or exceecded the temperature limits of 0 - *of the clanets. It consisis of .carth-roflected solar
: critical (omponents. One’ of the conclusions ‘ radiation and - earth-emitted radiation. The eatrh

drawn from Ewp.a«er 1 temperature data wes that™ | - . reflects or scatters, on the average, abcut one-third

: the use ¢f coatings for passive temperature control L . of incident solar radiation. In wavelengih distribu-

E ) was linuied 1o aoy -!xcatmrs where there wasn't 100 ' N - tion, this reflected radiation is roughly similar to
e much isial variation in absorbed solar energy. The direcr solar radiation. its intensity incident on a
Pk sofution was to restrict the time of day of launch - satellite element depends on sateilite position with .
LT so thal the initial orientation and  subsequent respect to the sm..t half of the earth. Ar a height
P - changes would be known and thermal coating pat- 0 of 20,000 miles above the carth, albedo raciztion

i *.terns could be determined accordingly. 'i  reaching the sateilite falis to about cae percent of
Spacccraft have since grown in size, weight and - direct solar energy. for low orbits and satellite

~ complexity, and the diversity of current space mis- . - positicns over the center of the sunlit hemisphere,

o . sions has given rise to a variety of thermal contral - * . the intensity reaches 50 percent.

i\ {~ - systems. These have in common the aim of mc;dny_- The cantin’s surface and atmosphere ahsork ihe

- | ing the heat transfer to and from each spacecraft - .oother two-thirds of incident sunlight, and because
: element so that its allowable temperature range , the earth is in equilibrium it must re-emit this
L will not be exceeded during the entire life of the " absorbed radiation. The sccondary. radiation,
i+ mission. To achieve this the key initial design . - ) . emiited at an average temperature near —23C, lics
i u_chmc;ue is to create a thermal model of the in the ww\oengm region .xpr)'curvm, bc‘m’een i
\;.’, spacec-act. This mode! is 2 mathematical representa- ' and 50 microns. The mcn:u) of this radiztion also
.+ tion. of the process of sateiiite thermal energy o depends on the height of the satellite above the
¢ . balanc ’ earth and it orientation.
The ‘izt siep is to »bc,vme the spacecrai it into .= Radiaiidr emitted by clements of the sateilite
: smali isothermal elements, then accurately da- : self is important not only because: it is an acdi-
’ scribe he heat be i nce for each of the elements. tional energy source but nso becauce, frem the
: . The dsiigr erience and udﬂmen. are used point of wew oi &n emiiting nL, it it
To o selot the "*.emc nzaded 1o obtain the ac- ©an enern U
oo | curacy siauived and to minimiz e engi nce.ma, and "' 1o the fourth paw‘,r m mp iem;xe ture. it de-
- compir et time. To  assist in  detaiied thermal pends, in addition, on a characteristic surface param-
: - of spacectait dosigns, extensive use is made eter, treme ] emittance, which varies widely for
: 'nig’r‘ speed digital ‘comnuters such as the 7 various sarellite therm Ny
t 7094, A vadiety of basic programs have been L The 2¥ect of 1
written ic perform manv caiculations that would therma! Falarce -
S pe impractical or impossibie to do by hand. - the s crs ahsorpis
e “There are, typ ically, two modes of energy trans- " coating mite:
fer—conduciion and ractation. The heat trans- _ solar 7 - 1ion { by y
Lo ferred from an ekm.—..t to an adjacent eizment with © et awterials. The absorpionce of a
: through solid material is simply a function of ci- - surface i1 radiation emitted by d for
mex_{sion_ and thermai conductivity, but conduction L thateer uog o t e are
: LACross & j0INt in a vacuum envirgnment is a noorly _ o each 1! =+ 10 he numerically .quai to the. thermmal
understood process. At the present time, when T emittari o of ihe suriace. This approximation is
Guantitative data are essential for thermal design, . ..adequaiz tor most ifaceg,
= -0 it is necessary to derive these data from tests on
: ©actual hardware. :
e - The “radiation transfer is of two classes. First, |
there is radiation from external sources such as °
. the sun, earth, other planets and the moon. Second,
there are” the radiation exchanges between the .
v elements -of the sateliite iseli. These radiation | ;
' sources contribute in distinct ways to the energy . - : R .
Q- . balance because of their different intensities and : o Sl ,
Lo difference in spectral content. The spectral distri- = - : . :
b :bution of energy is important because materials : : o ] i
v ~absorb raciation differently in different wavelength e
ST regions. e e a et .
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Art. No. 59 — Heat Balance — LD/fk —

In carrying out practical thermal control designs -

f_or spacecraft, we use passive or active technicues,
or both. The thermal design is- largely dependent
on the spacecraft’s mission. Passive control, using
.goat%ngs of various types, has been used primarily
for small spacecraft either in near-earth orbits or
for probes which remain approximately 1 AU -{the
mean distance between the earth and sun) from
the sun. Passive temperature control s inherently
reliable since no moving paris are n.qgtireén', and
it adds the least additional weight. There two ad-
vantages are easily- understood by pioject mana-
gers bacause minimum weight and hisk| reliability
‘are among the most desired features of space-
cran dx.s.gn. . '

e disadvantages are apparent to Fermal de-
wthers, The
basic limitation {of passive temperatur. cont

Typically, energy balance changes with time and a
corresponding range of temperatures is experienced.
Passive design attempts o p!ace this range in an
sllowable region. The width of the average tem-.
perature range will depend on the extert of change

in internal heat dissipation and in a number of
orbital characteristics, including: the fract%onAor‘ the
orbital period in sunlight; effective cross section

area of the satellite for solar radiation; incident.

planetary radiation; and distance between the earth

and sun. For a spherical satellite in a near-earth

polar orbit,

the average temperature would lie

within a band about. JQC in width. For a cube in
a2 similar orbit, 14é effect of the changing

section for solar radiation would increase the tem-
pe'ature bandwidth to 6“ Cod e
Thus far we have. talked about average tempera-
tures. In- addition, there would be temperature
gradients on external surfaces and to a lesser extent
among interior parts. Therefore, “total temperature
changes and uncertainties would be greater than

those cited above. There are other uncertainties, -

106, Measurements of solar absorptance and emit-

tance of therma! coatings may be in eiror, quality:

conr_rol in application of the coatings may vary, and
- coatings may be degraded by preflight handling,

during launch and by the space environment. Fur-

thermore, there are likely to be errors and approxi-
mations in the design analysis. What happens in
practice is that the des.gner is often not conserva-
tive enough in his estimates; he may underestimate

the error tolerances, widen the temperature limits,

and not sufficiently, restrict the range of expected

tbits of attitudes. As a resuit, he is faced with pre-
dicted temperature variations which approach or
exceed spec:ﬂed temperature limits,

6-14-65

i gontrel s’
that once the spacecraft is in orbit the 1empera-’
» wre is determined solely by the energy balance.

Cross —__ -

“similar to Vanguards 1 and 2. A temperal

~.agtive control using a

One way to reduce uncertainties and parrow the
teraporature ranges electronics componenis must
face—and thus improve reliability—is o use active
rather than passive temperature control. An ex-
ampie of this, omlosophy is the ther rmal design of

the Telstar satellite. The almost spherlcul structure,

“thermal isolation of critical components in an in-

ternal canister, and a near-earth orbit made it quite
ire-aciu-
ated lid bn an insulated canister housing the elec-
trm s was empioyed to maintain normal room

temperature for maximum reliability. Anothar ox-
.mpl.. is the thermal des:gn for Nimbus-1. Although
this highly nonspherical, complex struciure was
“launched in a near-carth orbit, the Jurr that it was
earth-orienied and that it was alwi s to- be in a
nocn orbit made it conceivable thoi passive tem-
~perature control would have wor‘rc\l rHowever,
system of external louvers
was. specified as a design objective ‘v maximum
reliability. .

Active contiol is "nandqxory for =ome raissions.
At présent three basic methods-are vy i *
' of spacecraft temperature: variable irs ol conduc-
tion or radiation transfer to the oute .

" able external surface»; and electric b0 s the
‘Mariner spacecraft, the variation in ‘Igy NI 15:1y
betweer earth and Venus or betw: . n 2irh and

‘Mars would be too large for passive .\,\‘\uw.',‘\
Jupiter and other planets farther’
solar intensity is negligible for xemn iatufe contio
use. Another source of e'\e'gy, such af i
tope, is required to provide hut
control. For trips to Mercury, Of nisici i
sunshades may be required to reduce b

tha sun

solar intensity on the spacecrait.
Another mission reguiring active lemperature

conirol is that of the Orbiting Geophysical Observa-
tories, such as OGO-1, which ..say uu use:‘j in a
variety of orbits, ranging from nearly its
a few hundred miles above the c,"rw to highly
elliptical orbits {approximately 200 miles oeng*»e
and 70,000 miles apogeel. The basic 57 :LE‘\("HL de-
sign siructure, is essentially a “boxcar” that will
admit a wide variety of experiment packa ;,es o be
mounted in the spacecraft, or on booms and
paddles. Since the satellite is intend:d o serve as
_an instrumentation platform for expaviy

cannot be anticipated during space cle desi
active contro! of the experiment paciazes is man-
~ datory.
Active temperature control may alsu De raquired

- {ofr a component part of a subsystem wilh unusuai
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te'npnratuu limils, For exa'nple, to maintain the
temperature con-
fraciion of a degree may be neces-
sary. Similar control of emperature gradients in a
telescope may be required to prevent misalignment
of the, optics. Other components may have tem-.
pera,tu_re limits  substantially different from the
" usudl limits {or batteries and electronic compo-
nents.- The diverse and narrow-range temperatuie

stable frequency of an oscillator,
trol to within a

requirements for two components of the rub.dzum-

vapor magnetometer aboard the IMP-1 satellite were

typicsl. ' The magnetometer’s gas ceil required tem-
“peratute limits of 37 10 47 C, and- its lamp required
100 1o 120 C, while the spacecrait’s iluxgate'.mag-
netomeier could tolerate a range of —50 to 50 C
and the electronic cards 010 35 C.
~Since electric power is rationed on-a priority
“basis, the use of electric heaters is generally limited
to small components. Passive control is used to in-
sure that without heater power the nominal tem-

perature desired would not be exceeded under any

possible orbital condition. Heaters are turned on
~when temperature drops below. a specified leve! and
turoed off at a highar level. Simple on-off controls
- such as thermostats are generally preferred. Insula-
tions, -such as lighiweight muitilayer. aluminized
Mylar blankets, are used to minimize power require-
ments. .

Temperature controi by adjustable louvers is es-
se’ntial!y a matter, used by OGO-1 and Nimbus 1,
of changing external surface properties. {Pegasus

“uses louvers for regulating heat transfer from the
spacecraft to' the cool rocket casing which remains
attached to the craft) One use of louvers is to
locate them on surfaces that are always shaded from
direct sunlight. The louvers may be insulated or

ceated with a low emittance surface, such as evap- .

‘orated aluminum, so.that in a closed position their
“heat loss to space is minimized. Behind the louvers
“is-a surface of high emittance, usuaily white paint.
As temperature of the spacecraft rises, the louvers
are made to open gradually and increase the heat
losses _‘\o'space by allowing some of the radiation
from “he white plate to escape. Temperatures may
“be serised by bimetallic springs directly mounted to
the fcuvers or by various other methods. The effect
of the lo.vers can be maximized by insulating other
_surfacis of the spacecraft. .
- ~There are problems with jouver systems, oi coursa'
; ——p‘arxicclariy those connected with -vibration levels
during launch, celibration, bearings, added weight
“to the spacecraty, and fack of data on the effect of
.mudmi sunixgh‘ on jouver surfaces.

' The technique of active control using vanab‘e -
internal conduction is analogous to the use of elec-

“ric hosters except that the waste heat of electron-

ics is ereployed insiead, along with required ther-
_ coatings are .
used 10 passively maintain shell temperatures below

momacininical  techaigues. Thermal
the nt:minal operating temperature range for the in-
ternal
carefuilly insulated from the sheli to minimize heat
. transfor from the electronics to the shell except by
controlled conduction and radiation paths. Thus, a

gradient is established to maintain the interior tem-

_perati2-above the shell temacrature,

- 61465
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o Ciibrate (he controiier and 1o venfy ihe i
all thermal design for this, 2s well as other me
tests in a simulated space environment afe ne
sary. There are two gencral approaches to simula-
tion.* One method, which simulates sotar land
planctary) energy absorbed by the sateliit » surface,

uses electric heater windings mounted on or just
below the outer surface. For.spacecraft with simp!

gecmetric shapes, this technique has considerzble
merit and convenience. The other method, 2 more
* direct and promising technigue known as solar sim-

" ulation, emuloys a light source and opt\cs to pro-

duct a uniform collimated beam of an intensity
equal to one solar constant. The desirad results call
for a spectral match, in addition to good collima-
tion and uniformity.

Thermal control of spacecralt has workad sur-
" prisingly well in most cases, but in some instances
severe restnct‘or‘s have been placed on the migsion
in order to stay within desired temperature limits.
More precise spacecraft ternperature control is es:
" sential for higher reinabmty and longer-life missions.
To achieve it, we will have to show progress in
“gvarcoming limitations in analytical and exocn-
mental iechnigues and difficulties in protecting th
satellite from hostile env.:onn'-ents during prnﬂ.gr.
tests, launch and spacefligh

The coraplexity of s..te‘hte structure makes it
necessary for the des.gn to use a simplified modei
“for his analysis. The subdivision of an elaborate
structure into a few dozen, or at most a few hun-
isotherma! elemenis, inevitably introduces
ainty that is frequently difficuit o ev aluate. A
the computation o:
‘radiation exchange between external or internal
‘elernerts ‘)c.»ause of the complicated gco netric ar-
rangeirent and the imperfectly diffuse reflectance
of the surfaces.

Nipre uncertaiply is contributed e unpre~
dictible transfer of heat across interfaces. The
numerous methods and materials used in rmounting,
supporting and connecting equipment produce
diverse interface conditions. Poor mprooucml.‘y of
inteface condilions is a persistent problem.

Porhaps the greatestunceriainty is in our knowl-

uncert

“edge cf surface properties—solar absorptance ana

therm .al erittance—of thermocoating materiais, The
‘uncartainty i due to limi lations in measurement

tecnn,q\n_

Tntial differences in nomnally identicel
surface coatings, and subsequent changes in mate-
rials before, during and alter 13\..!\\.1" .

The variability.in surface coatings dep eno’s on the

type of polished metal, evaporated metzi and oxide,

_or paint. Considerable difficuity has been experi-

enced with marginal reproducibility in paints and
polished metals. Other coatings, in addition to han-
dlin 1 damage, are subject 10 possible contamination
i vecuum systems during tests or from release of
"gas iy the vehicle fairing during launch. Further
chang:s in coating may occur in orbit due to the
sun’s ultraviolet radiation and to charged particies,
whiih . dafram, the optical propertics ¢f most ma-"

teﬂc 1Sy oo . .‘._.-..ui
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 these propertics in space will provide direct evi-

and its location are selected for the
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Future improvements may be expected to occur

in all aspects of spacecraft thermal design. Analysis
. will become more accurale with the availability of

computars having iarger storage capacity and, thus

able ‘to handle more detailed studies. In passive

thermal ¢eartrol, organic and inorganic coatings with

grester gt ity
develoged. and ’
tecting coaiings from ground and launch contamina-
tion: The lects of charged particles on coatings
will be beiter urdersood.
Refinement ¢f laboratory techniques for the
measuremént of sclar absorptance and thermal
! measurements of

unger ultraviolet radiation will be

dence of the accuracy of measurements and of their
changes in the orbital environment. Studies of the
process of fikerral conductance across boundaries
will reduce the uncertainty in this parameter. Simi-
Harly, improvaments in the technigue of solar simu-
dation will procuce greater uniformity over the
-illuminated arez; improvement in spectral match
will come slowly, based on improved arc sources of
radiant energy, and techniques using optical filters.

interesting possibifities for automatic temperature

so will better procedures for pro-

regulation mav come f{rom malerials development

as a resuit of studies in physical chemistry and solid-
state physics. One possibility lies in materials whose
emittance increases with temperature, such as nar-
row-band absorbers and band-edge-shift materiais.’
The increase may be conceived as occurring either
.as a result of a sirong absorption {or emission) band

in the infrared region or a shift in the abscition
edge with wmperatyre. '

For the narrow band absorber the band width

desired opera
ing temperature range. Silicon oxide, for example,
-has a strong -absorption band between & and 10
.microns. it can be shown that this band produces
roughly a 53 percent increase in emitiance in the re-
zion from 0 to 60 C. In general, this effect is likely
to be fairly small, perhaps attzining a 20 percent

+
)

" change in emiitance under ideal conditions. As a

result, it may be useful only as a suppilementary
technique. ' .

The alternate method of a shiit in the band edge
is itustrated by the behavior of indium antimonide,
1nSh. As the temperature of InSh increases, the spec-
tral region in which a high emittance is observed

-shifts reversibly to include longer wavelengths, This.

Shift means that thermal emittance of this surface
-increases. Theoretically, large changes in emittance
are possibiz and this technique would appear to
merit exploration._

-
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A sccond approach to automatic temperature
control, which depends on a changing property. E.s_
the use of thermophototrope malerials, which
darken under illumination with ultravicier radia
tion if they are cool enough. As they abs.orb sela

fadiation and their temperafure rises, & bleach

- occurs. These materials exhibit, in the iaboratory, 2

"+ A4 reduction in tomperature variation

solar absorptance which can increase ara de Crease
reversinly. Theromphotolropes, like the titanaies,
" have been known for many years. The temperature
at which they bleach has been extremely *z:,h-——
over 150 C. In addition, in the form they have peen
_ prepared the interasting properties are not Pbser\f‘:’.e
under vacuum conditions. Regent worg, nGweves
has oroduced thermophototropes which bleach 2
zen*.éontures in the 30-50 C region in approximadely
30 :;a:n in the laborstory. )
14 addition, new groups of materials have been
.»sh_c;v.fp 10 be therraophototropic. Soma of ‘zl'«.e:.';—:‘are
‘the oxides of zirconium, tin, cerium, lead and zinc.
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“Techn.guas for enhancing the 0
‘beravior of the ttanates by the adcitirmf of im
progress. In spite of the pr
0 be studied. Th
many thermal cycles

“ities have alse made

rest, thuch remains

charesd particles.or

~uern have vet to be-established. A

may  be

matenials which ondergs a
m

merature, s,

from louid o solid, and from solid 1o vapor. Tnis
ackve technicue would furiher decrease the varia-
tion of temparature with time experien 1

lites as they enier or leave the suniit pas:

orivits. The freezing of waler can be used

th cooling below 6 C for short penious

fio- would depend on the mass OF wa
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rat: at which heat was being losth, The :

chanae material will impose a penally Secauss of
003 : ! .
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5 weight and that of the conlining stucwrg,
1o confine the material will cali




As weight limitations become less severe, it wil}
become feasibie to reduce gradients by the intro-
duction of circuiating fluids such as water or alco-.
hol. By employing hollow structural members we
can pump a thermally conducting fluid from the hot N .
to the cool side of the spacecraft. These systems wiil . .

_require reliable pumps and seals. They will find ap-
_ plication in satellites where large differences exist
' AR . "~ in the energy incident on different sides of the
o ) - oo .  spazecraft, such as nonspinning satellites.
Ve 2 L FE . VWhi'e potential mechanical failure in orbit makes
CTERE S e s K © the proiect manager wary of new devices, the flight
LT ‘ : : v _test: of experimentai hardware on technology satel-
' B . ~lites, such as the Applications Technology Satellite,
' - should make the transistion to new thermal control

< techniques easier. &
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